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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 

RESEARCH MENORANDUM 

CfiEMICAL AND PHYSICAL PROPERTIES OF A BORON-CARBON-HYDROCEN 

FUEL 2 - 2 4  (NACA 55~8)  

By A. E .  Spakowski, Pa t r i c i a  M. Cramer, and Marianne Buddie 

SUMMAFtY 

f 

The following chemical and physical propert ies  were determined from 
a sample of 2-244: 

Elemental chemical analysis, percent 
Boron .  . . . . . . . . . . . . . . . . . . . . . . . . .  .65.10 
Carbon . . . . . . . . . . . . . . . . . . . . . . . . . .  23.09 
Hydrogen . . . . . . . . . . . . . . . . . . . . . . . . .  12.38 
dioxide and w a t e r ,  and solid boric  oxide at  25O C, 
Btu/lb . . . . . . . . . . . . . . . . . . . . . . . . .  -25,753 

a t  0' C . . . . . . . . . . . . . . . . . . . . . . . . .  0.8353 
at  20' C . . . . . . . . . . . . . . . . . . . . . . . .  0.8242 

Net heat of combustion of l iquid f u e l  t o  gaseous carbon 

Density, g / d  

at 25O C . . . . . . . . . . . . . . . . . . . . . . . .  0.8222 
Freezing point . . . . . .  (e-93' C) No t rue  freezing point found 

. Flash point, OC . . . . . . . . . . . . . . . . . . . . . . . .  
Vapor-pressure curve . . . . . . . . .  log P = . + 7.2754 

Self-ignit ion temperature, OC . . . . . . . . . . . . . . . . .  130 
45 

2 -303RT 
Extrapolated boi l ing  point, OC . . . . . . . . . . . . . . . .  242 
Decczpsit isz,  OC . . . . . . . . . . . . . . . . . . . . . . .  192 
Viscosity, centistokes 
-40' C . . . . . . . . . . . . . . . . . . . . . . . . . .  96.62 
O ° C  . . . . . . . . . . . . . . . . . . . . . . . . . . .  13.73 
3 7 . 9 O C . .  . . . . . . . . . . . . . . . . . . . . . . . .  4.81 

Molecular weight . . . . . . . . . . . . . . . . . . . . . .  I51 

Oxygen and water s t a b i l i t y  were also determined for  the fue l .  

INTRODUCTION f 

A s  p a r t  of the Navy Project  Zip t o  consider various boron-containing 
materials as possible high-energy fuels,  the  chemical and physical prop- 
e r t i e s  of a high-energy f u e l  2-244 (MACA 5528) prepared by the  Olin- * 
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Mathieson Chemical Company were evaluated a t  the  NACA Lewis laboratory.  
Elemental chemical analysis, heat of combustion, density, f reezing 
point, se l f - ign i t ion  temperature, f l a s h  point, oxygen s t a b i l i t y ,  water 
s t a b i l i t y ,  vapor pressure and decomposition, viscosity,  and molccular 
weight w e r e  determined f o r  the f u e l .  
ment of these propert ies  w a s  not equal t o  t h a t  obtained f o r  hydrocarbons, 
t h i s  spec ia l  release research memorandum w a s  prepared t o  make the  data 
avai lable  as soon as possible. 

Although the  precision of measure- 

PROCEMlRE AND RFSULTS 

Chenical analysis.  - The f u e l ,  2-244, was stored and handled i n  a 
helium-inerted dry  box o r  under an atmosphere of helium o r  dry nltrogen 
t o  insure against  any oxidation p r io r  t o  the  tests. 
very pale  yellow l iqu id .  

The f u e l  i s  a clear ,  

r3 
u3 
0 
d 

The elemental chemical analysis followed the procedures set fo r th  
by Project  Zip Standard T e s t  Specifications Committee ( ref .  1). Total  
carbon and hydrogen were determined by the microcombustion t r a i n  t o  be 
23.09 and 12.38 percent, respectively. Total  boron w a s  found t o  be 65.1 
percent by the  nitric-acid-oxidation method. These v a l u e s  are l i s t e d  i n  
table I. 

Heat of combustion. - A Parr Adiabatic oxygen-bomb calorimeter w a s  
used t o  determine the heat of combustion. Thc r a w  heat of combustion 
w a s  determined by the  general method recommended by the  Parr Instrument 
Company with several  modifications as described i n  reference 1. The f u e l  
samples, contained i n  pyrex glass  ampoules, were oxidized i n  30 atmos- 
pheres of oxygen. The results from f i v e  determinations of 2-244 are 
l i s t e d  i n  t ab le  11, together with the  analysis  of t h e  products of corn- 
bust ion and the  correct ions applied t o  the r a w  heating values. 
average ne t  heat of combustion o f  2-244 was -25,753 Btu per pound based 
on 25' C reference temperature and l i qu id  f u e l  going t o  gaseous carbon 
2iox5.de a d  'ilster, m d  sn l i c?  brit oxide. 

The 

Density. - The densi ty  w a s  determiried i n  an open-arm b icap i l l a ry  

The pycnometer was f i l l e d  i n  an atmosphere of nitrogen and 
pycnometer with ground-glass caps t h a t  were used t o  e f f e c t  a seal t o  the 
atmosphere. 
then the density measurements were made i n  the usual manner a t  three  
temperatiu-es, Oo, 20°, and 2 5 O  C. 
and 0.6222 gram per mil l i l i t e r ,  at  Oo, 20°, and 2 5 O  C, respectively.  

The dens i t ies  were 0.8353, 0.8242, 

Freezing point .  - The freezing-point behavior w a s  s tudied i n  an 
apparatus with a motor-driven reciprocating stirrer and a Beckman mercury 
thermoseter. No t r u e  freezing point  w a s  obtained. However, upon cooling 
the  sample of 2-244 t o  -93' C, the  stirrer was stopped by the increased 
v iscos i ty  of the  f u e l .  Upon further cooling with l iqu id  nitrogen a 
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b r i t t l e  e l m s - l i k e  material  w a s  produced. 
measuremeats were made i n  t h i s  lower range. 

No s ign i f icant  temperature 

3 

Self - igni t ion temperature. - The self- igni t ion temperature w a s  
determined i n  the  Setchkin apparatus (ref. 2 ) .  
made as t h e  temperature w a s  decreased with the  same f l a s k  being U s e d  
without cl-eaning between ignitions.  When the  lowest point giving igni-  
t i o n  w a s  reached, the value w a s  rechecked using ti se r i e s  of clean flasks. 
The self-ignit ion temperature obtzined w a s  130' C .  

Igni t ion attempts were 

Flash point .  - The f l a sh  point w a s  determined i n  the  NACA modified 
Pensky-Martens type closed-cup apparatus. The sample cup has a volume 
of 3 cubic c e n t i m t e r s  and i s  half f i l l e d  with the l iqu id  sample. 
The teaperzture rise of the cup w a s  held t o  less than 1' C per minute. 
The flash point obtained w a s  45O C .  

Oxygen s t a b i l i t y .  - 'The oxygen s t a b i l i t y  of %-244 w a s  determined i n  
an arjparatus similar t o  one described iil reference 3.  The apparatus was, 
however, placed i n  a constant-temperature air bath held at 29.5' C . Five 
mi l l i l i t e rs  of 2-244 were placed i n  the  50 -mi l l i l i t e r  modified Erlenmeyer 
f l a s k  previously flushed with dry nitrogen. 
then opened t o  75 m i l l i l i t e r s  of cxygen i n  a gas burette. Tkis s t a b i i i t y  
t e s t  i s  based on the  assumption tha t  the  r a t e  of react ion between the 
fue.1 and oxygen i s  proportional t o  the rate a t  which oxygen i s  used up as 
measured by the  volume change i n  the  buret te .  It i s  &lso assumed tha t  
only l i qu id  and so l id  products are formed. 

The connecting stopcock w a s  

I n  f igure  I the  volume decrease of the  gaseous system i s  plot ted 
against  the time after opening the stopcock permitting the  oxygen t o  
diff 'ase I n t o  the  f u e l  f l a sk .  A continual decrease i n  t o t a l  volume i s  
noted f o r  the f irst  225 iiours, after which the  rate of decrease levels 
off. 
of hydrogen and ethane are evoJ-ved while the oxygen is  belng consumed. 
Thu3 the consumption r a t e  of oxygen is actlrally higher than preaented. 

The t e a t  i o  ra ther  d i f f i cu l t  t o  in te rpre t  became varying amounts 

Water s t a b i l i t y .  - The water s t a b i l i t y  of 2-244 w a s  determined w i t h  
aa excess of w a t e r  and with vigorous s t i r r i n g  co ensure a large contact 
a re2  between the  fue l  and water. Five grams of the f u e l  were placed i n  
the apparatus previously flushed with dry nitrogen and 100 grams of water 
added x i t h  vigorous s t i r r i n g .  
slowed do-sn after several  minutes. 
are present,ed graphically. 
f u e l  i s  p lo t ted  against  the  time i n  hours. 
re lease  of hydrogen, the  reaction slowed down for 10 hours. Then the 
reac t ion  rate increased t o  0.79 m i l l i l i t e r  hydrogen per gram of fuel per 
hour ana remained constant until t he  end of the f i r s t  week (168 hrs) . 
From t h i s  po ln t  the  rate began t o  decrease very slowiy. 

There w a s  an immediate react ion which 
In  f igure  2 the water s t a b i l i t y  data 

The volume of hydrogen l ibera ted  per gram of 
After the i n i t i a l  rapid 
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Vapor pressure and decomposition. - The vapor pressure and thermal 
s t a b i l i t y  of t he  high-energy f u e l  were determined i n  an isoteniscope 
shown i n  f igure  3. 
m i l l i l i t e r  of 2-244 admitted in to  the  sample bulb with a long-needled 
syringe. Points  A and B were then sealed i n  order while the sample was 
frozen a t  -196' C and the apparatus evacuated. 
connected t o  a mercury manometer system and placed i n  a c lear  s i l i cone  
o i l  bath. 
per  minute. 
10 - 15 minute in te rva ls .  

The isoteniscope w a s  flushed with helium and one 

The isoteniscope w a s  then 

The c i rcu la t ing  o i l  bath w a s  heated a t  a r a t e  less than 1' C 
The press-we and temperature measurements were recorded a t  

The r e s u l t s  are shown i n  f igure  4, where the  pressure i n  mill imeters 
The first  p a r t  of the curve is  i s  p lo t t ed  against  t he  temperature i n  OC. 

a measure of the  vapor pressure of the fue l .  As the temperature increases, 
i f  the f u e l  sample begins t o  decompose, the pressure of the gaseous decom- 
pos i t ion  products is  added t o  the pressure of the f u e l .  The dashed l i n e  
i n  f igure  4 i s  the  expected t rue vapor pressure of 2-244 at the elevated 
temperatures. 

In  order t o  determine the  temperature a t  which 2-244 begins t o  de- 
compose, the log of the  pressure i n  mill imeters is plo t ted  against  the 
rec iproca l  of the temperature i n  % in f igure  5. 
port ion of the curve represents t he  measurement of the  vapor pressure of 
the  f u e l  alone. A t  about 192' C the  fuel begins t o  decompose and adds 
t o  the t o t a l  pressure.  

The s t r a igh t - l i ne  

The equation f o r  the s t ra ight - l ine  port ion of the vapor-pressure 
curve between 70° and 190° C i n  f igu re  5 i s  

+ 7.2754 
2 .303RT log P = - 

where 

P pressure, mill imeters of mercury 

R gas constant 

The mea73 molar heat of vaporization over the temperature range covered 
by the s t r a igh t - l i ne  port ion of t he  curve is 10,361 caloriee. lly t-xtra- 
polat ing t o  a pressure of 760 millimeters of mercury, a 1)oiling poin t  UT 
242' C w a s  obtained. 

Viscosity. - The viscosi ty  of 2-244 w a s  measured over a range of 
temperniures with a se r i e s  of Cannon-Manning semi-micro viscometers. 
v i s c o s i t i e s  were determined i n  the  usual manner w i t h  one modification. 

The 
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Dried nitrogen w a s  used as an ine r t  blanket during the  runs t o  eliminate 
any oxidation of the sample. 
with the  same sample at  each temperature. The v i scos i t i e s  measured a t  
-40°, Oo, and 37.8' C w e r e  96.62, 13.73, and 4.81 centistokes, respec- 
t i ve ly .  
were unsuccessful. 
creased with t i m e  due t o  changes i n  the f u e l  sample. 
temperature d e t a i l s  are p lo t ted  i n  figure 6 .  

A s  a f u r t h e r  check dupl icate  runs w e r e  made 

Viscosity measurements were attempted at 60' C (140° F), but 
A t  t h i s  temperature t h e  v iscos i ty  of the  f u e l  in- 

The viscosi ty-  

Molecular weight. - The molecular weight of the  f u e l  w a s  estimated 
by a freezing-point depression technique with cryoscopic benzene as the  
solvent.  
151. 

The average molecular weight of a p a i r  of determinations w a s  
The accuracy of the method i s  within 2 percent. 

DISCUSS I O N  

Any material being considered as a high-energy f u e l  m u s t  of necessity 
have a readi ly  avai lable  high heat content. The heat of combustion of 
2-244 as determined by t h e  oxygen-bomb calorimeter w a s  -25,753 B t u  per 
pound. The hea t  of combustion, calculated f r o m  t he  boron-carbon-hydrogen 
ana lys i s  and assuming values f o r  the bond energies involved, i s  -26,090 
Btu per pound. Thus 2-244 would be qui te  su i tab le  f o r  eDgine development 
work due t o  i t s  high heat of combustion. The high boron content would 
a l so  permit t he  investigation of problems associated with t h e  deposit ion 
of boron oxides on the  engine components. 

The boi l ing  point  and vapor pressure of the  f u e l  are s i m i l a r  t o  that  
of a 213 Gy&=sc--3~n a i G  =e t h u s  i:: t he  range cgnsi&ered fer n_ircrs_ft. 
f u e l s .  The marked increase i n  viscosi ty  of 2-244 at -93' C (-135O F) 
would possibly c rea te  a problem i n  f u e l  systems under ce r t a in  low- 
temperature operations. However, t h i s  would not seriously a f f ec t  the  
engine development s tudies .  

Although the  se l f - ign i t ion  temperature of 2-244 (130' C )  is much 
lower than that of hydrocarbons with similar boi l ing  points  (decane and 
hexadecane have se l f - ign i t ion  temperatures of about 230" C), the materlai. 
can be handled i n  air under normal conditions. From other tests it 
appears t h a t  both t i m e  and temperature play an important r o l e  i n  the 
s t a b i l i t y  of th is  fue l .  
was raised 1' C per  minute, t he  f u e l  began t o  decompose at a temperature 
of 192' C .  On a s i m i l a r  material when the  temperature-rise rate w a s  
lowered t o  about 0.5O C per minute, decomposition s e t  i n  a t  160' C .  In  
t h e  v i scos i ty  determination where the  f u e l  is  held f o r  a r e l a t ive ly  long 
period of time at one temperature, it w a s  found t h a t  some decomposition 
(or :)crimps oxidation) occurred at temperatures as l o w  as 60° C .  It w a s  
S ~ ~ ( J W T I  I n  the  oxygen s t a b i l i t y  t e s t  that after the  f u e l  w a s  exposed approx- 
imately '225 hours t o  an atmosphere of oxygen, the consumption of oxygen 

D u r i n g  the  s tabi l i ty  tes t  when the  temperature 



6 

c 

~ * ,  ... I .  . "  ..* - . 

decreased t o  zero. 
film, and t h i s  film probably halted any fu r the r  react ion.  

Actually the  fuel had developed a gelatinous surface 

The f l a s h  point  of 45O C f o r  2-244 is  considerably lower than f o r  
hydrocarbons of similar v o l a t i l i t y .  Dodecane and tetradecane have flash 
poin ts  of 74' and 100' C, respectively.  

On the basis of the  r e l a t ive ly  f e w  tests performed, it qpears that 
a f u e l  having the physical and chemical propert ies  of 2-244 m a y  be s u i t -  
able f o r  engine development. 

t i o n s  caq be determined. 

G w 
c i  + 

Considerably more information m u s t  be ob- 
tained, hovever, before the f u e l ' s  capab i l i t i e s  i n  propulsion applica- 

L e w i s  F l igh t  Propulsion Laboratsry 
National Advisory Committee for Aeronautics 

Cleveland, Ohio, February 2, 1956 
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TABU I. - CEMICAL AND PHYSICAL PROPERTIES OF 2-244 (NACA 5523) 

--I Elemental analysis:  r- Boron, percent 
I Carbon, percent 

I B e a t  of coxribustion, B t u / l b  
Hydrogen, percent 

aensity,  g / d  I 
I 
i 
I Freezing point  1 NO 
j Self-  i gn i t i on  temperature, OC 

I Flash point, OC 

____- __ __ ____ - 

65.10 
23.09 
12.38 

-25,753 ( a t  2 5 O  C) 
0.8353 at Oo C 
0.8242 a t  200 c 
0.8222 at  25O c 

t r u e  freezirqj point  found 
130 
45 

log P 5 - 1-0J361 + 7.2754 
242 
19 2 

96.62 at  -40° C 
13.73 at OO c 

4.61 at 37 .go C 
E51 

2.303RT 
1 Boiling point  (extrapolated) , OC 

; Vapor pressure 

' ~ e c o q o s i t i o n ,  OC 

I Viscasity, centistokes 

I 
1 Molecular weight 

_. -__ --_____- - 

1 

I 

TABU 11. - HEAT OF COMBUSTION OF Z-244* 

De termination I 
- _____.____- - - - 1 

I 
I 

Sample weight, g 
Percent boron burned 
Percent carbon burned 
Raw heat, i3tu/lb 
c or re c t ions , c a11 g : 

To atmospheric pressure fo r  

Constant volume t o  constant 

Hydration solut ion of boron 

Vaporization of water 
Ufiburned boron 
Unburned carbon 

oxygen con surned 

pressure 

oxide 

Total corrections,  cal/g 

N e t  heat of combustion, Btu/ l l  
Btu/lb 

Average AHc __ _____ - . 

1 

0.4613 
56.5 
74.8 

-19,538 

-2.5 

-33.3 

299.6 
651.2 

-3983 .O 
-467 -5 
-3535.5 
-6363 7 
-25,902 
- 

_ _ _ _ _  
3 

-.- _____ 

I 
-2.4 1 -2.6 

I 

-32.21 -33.6 

-- 

.- 

4 
-- - 

0.4380 
57.6 
75.8 

-19,744 

-2 -6 

-33 -6 

305.6 
651.2 

-3847 -3 
-457.7 
-3384 - 4  
-6092.0 
-25 , 836 
-- -- 

7 

-- 
5 

0.4787 
53 .O 
71.5 

.. _- 

-ia,972 

-2 -5 

-32 -3  

280.6 
651.2 

-4224 -5 
-535.7 
-3863 - 2 
-6953 e 8  

-25,926 

-I_-- * 
Elemental analysis:  Percent boron, 65.1; percent carbon, 23.09; 

pcrcent hydrogen, 12.38. 
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Figure 4 .  - Vapor pressure developed by 2-244 vlth I n c r e a e l ~  temperature. 
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Figure 5. - Preeeure-temperature relation for 2-244. 
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Figure 6. - Vlscoeity-temperature re lat ion of 2-244. 
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CHEMICAL AND PHYSICAL PROPERTIES OF A BORON-CARBON-WDROCEN 
RJEL 2-244 (NACA 5528) 

Ab 8 t r a c t  

3.4.2 

A boron-carbon-hydrogen fuel, 2-244, (prepared by Olin-Mathieson 
Chemical Company) w a s  evaluated on the  following properties:  
analysis,  heat of combustion, density, freezingl point, se l f - ign i t ion  
temperature, f l a s h  point,  vapor pressure and decomposition, viscosity, 
oxygen and water s t a b i l i t y ,  and molecular weight. 
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